The α-amino-3-hydroxyl-5-methyl-4 -isoxazolepropionic acid (AMPA) subtype of ionotropic glutamate receptors (iGluRs) mediates fast excitatory neurotransmission in the mammalian brain. Although the most N-terminal leucine/isoleucine/valine-binding protein (LIVBP) domain is suggested to play a role in the initial assembly of iGluR subunits, it is unclear how this domain is arranged and functions in intact iGluRs. Similarly, although recent crystallographic analyses indicate that the isolated ligand-binding lysine/arginine/ornithinebinding protein (LAOBP) domain forms a twofold symmetric dimer, the subunit stoichiometry of intact iGluRs remains elusive. Here, we developed a new approach to address these issues. The LIVBP domain of the GluR1 subunit of AMPA receptors was replaced by leucine-zipper peptides designed to form stable symmetric dimers, trimers, tetramers or pentamers. All these mutant GluR1s were expressed in human embryonic kidney 293 cells and were transported to the cell surface as well as wild type GluR1. Functional and biochemical analyses indicated that these oligomerizing peptides specifically controlled the formation of the expected number of subunits in a channel complex. However, the channel function was only restored by the tetramer-forming peptide. Although the purified LIVBP domain of GluR1 formed a dimmer in solution, a dimer-forming peptide could not restore the function of GluR1. Moreover, a cross-linking assay indicated that four LIVBP domains are located in proximity to each other. These results suggest that the function of the LIVBP domain is not simply to form initial dimers, but to adopt a conformation compatible with the overall tetrameric arrangement of subunits in intact AMPA receptors.
The α-amino-3-hydroxyl-5-methyl-4 -isoxazolepropionic acid (AMPA) subtype of ionotropic glutamate receptors (iGluRs) mediates fast excitatory neurotransmission in the mammalian brain. Although the most N-terminal leucine/isoleucine/valine-binding protein (LIVBP) domain is suggested to play a role in the initial assembly of iGluR subunits, it is unclear how this domain is arranged and functions in intact iGluRs. Similarly, although recent crystallographic analyses indicate that the isolated ligand-binding lysine/arginine/ornithinebinding protein (LAOBP) domain forms a twofold symmetric dimer, the subunit stoichiometry of intact iGluRs remains elusive. Here, we developed a new approach to address these issues. The LIVBP domain of the GluR1 subunit of AMPA receptors was replaced by leucine-zipper peptides designed to form stable symmetric dimers, trimers, tetramers or pentamers. All these mutant GluR1s were expressed in human embryonic kidney 293 cells and were transported to the cell surface as well as wild type GluR1. Functional and biochemical analyses indicated that these oligomerizing peptides specifically controlled the formation of the expected number of subunits in a channel complex. However, the channel function was only restored by the tetramer-forming peptide. Although the purified LIVBP domain of GluR1 formed a dimmer in solution, a dimer-forming peptide could not restore the function of GluR1. Moreover, a cross-linking assay indicated that four LIVBP domains are located in proximity to each other. These results suggest that the function of the LIVBP domain is not simply to form initial dimers, but to adopt a conformation compatible with the overall tetrameric arrangement of subunits in intact AMPA receptors.
The iGluR
1 has a modular design ( Fig.  1A ): an N-terminal LIVBP domain and a ligand-binding bipartite LAOBP domain on the extracellular side of the plasma membrane, three transmembrane domains (TM1, TM3, and TM4), an ion channel-forming reentrant loop segment (P-loop or TM2), and a cytoplasmic carboxyl-terminal region (1) (2) (3) . AMPA receptors exist as heteromers (4, 5) that consist of GluR1 through GluR4, and each subunit has a specific function; a combination of these subunits may control the functional heterogeneity of AMPA receptors in vivo. Therefore, understanding of the mechanism that controls subunit assembly will provide key insight into the developmental and tissue-specific functions of AMPA receptors.
Functional analyses have suggested that the observed phenotypes of heteromeric channels are best simulated by assuming that the channels comprise two dimers in a tetrameric formation (6, 7) . Indeed, the crystallized form of the ligand-binding LAOBP domain of GluR2 forms a twofold symmetric dimer (8) and rearrangement of this dimer upon ligand binding controls activation and desensitization of iGluRs (9) . Because the LIVBP domain of the AMPA receptor GluR4 dimerizes when expressed as soluble constructs (10) , it was proposed that iGluR monomers first associate through interactions between the LIVBP domain and these dimers undergo a secondary dimerization (6, 7, 11, 12) . However, it is completely unclear how the LIVBP domain assembles and functions in intact iGluRs.
The fundamental question regarding the stoichiometry of the functional iGluRs also remains an open question. On the basis of biochemical studies (4, 5, 13) and NMR analysis of TM2 peptides (14) , the original theory was that these receptors form pentamers, as do other ligand-gated channels, such as the acetylcholine, GABA, and glycine receptors (15) . A key problem associated with these biochemical assays is the unequivocal identification of assembled high-molecular-weight oligomers. In contrast, several functional assays support the theory that iGluRs form tetramers similar to those formed by voltage-gated K + channels (6, 7, 16, 17) . These functional studies were based on either the simulation of single-channel kinetics or the probability of observing certain phenotypes in heteromeric channels by expressing two subunits with different phenotypes. Therefore, this theory that iGluRs form tetramers is dependent on the model, and it is difficult to eliminate the more elaborate structures (i.e., those with more than four subunits) that may interact in a complicated manner. In addition, although precise control of the expression level of two subunits is crucial for distinguishing the subtle difference between tetramer-and pentamer-based models, it is technically challenging to achieve such control in heterologous expression systems using cRNA or cDNA. Indeed, on the basis of a similar modeling approach, a pentameric structure was proposed for iGluRs (18, 19) . Nevertheless, recent identification of GluR0 (20) , a prokaryotic ionotropic glutamate receptor with a K + -selective pore, has supported the theory of a tetrameric structure and strengthened the idea that K + channels and glutamate receptors are structurally related. However, the structure of GluR0 can significantly differ from that of eukaryotic GluRs. GluR0 forms a K + -selective pore, whereas eukaryotic AMPA receptors form a Ca 2+ -permeable, relatively non-selective pore. In addition, GluR0 lacks the LIVBP domain, which may determine the stoichiometry of eukaryotic GluRs. Therefore, a more direct test that does not rely on models or protein expression levels is desired to clarify the subunit stoichiometry of iGluRs.
In the present study, we have developed a new approach that does not rely on mathematical models to elucidate the function of the LIVBP domain and the quaternary structure of iGluRs. . We also added cDNA that encoded an hemagglutinin (HA), FLAG, or 6X His tag to the 3' end of the wild-type and mutant GluR1 cDNAs; these added sequences were immediately upstream of the stop codon. The nucleotide sequences of the amplified open reading frames were confirmed by bidirectional sequencing. The cDNAs were cloned into the expression vectors pTracer-EGFP (Invitrogen), and 10 µg of the plasmid was transfected into HEK 293 cells by using the CellPhect transfection kit (Amersham Pharmacia). The incubation of cells, the processing of samples, and the immunoblotting analysis were performed as previously described (21) fragment was cloned into pIVEX2.3d (Roche, Indianapolis, IN). The LIVBP protein was expressed in the cell-free in vitro translation system (RTS 100 E. coli HY kit; Roche) in the presence of [ 35 S]methionine. Synthesized LIVBP domain was subjected to a Talon metal affinity column (BD Biosciences, San Jose, CA). The column was washed with 5 column-volumes of wash buffer (20 mM HEPES, pH 7.4, 200 mM NaCl, 10% glycerol, and 0.1% Triton-X) containing 10 mM imidazole. Bound GluR1 proteins were eluted by 300 mM imidazole in wash buffer. Purified LIVBP domain was overlaid on linear 5-20% (w/v) sucrose density gradients in phosphate-buffered saline (PBS) and centrifuged for 20 h at 30,000 rpm (SW41Ti; Beckman Coulter, Fullerton, CA). Ferritin, catalase, aldolase, and albumin (Amersham Pharmacia) were used as molecular-weight marker proteins. Fractions of 0.5 ml were collected, subjected to SDS-PAGE, and analyzed by autoradiography.
Materials and Methods
The 3' ends of cDNAs encoding GluR1 tet or GluR1 di were tagged with a 6X His-encoding region, the fragments were cloned into pTracer-EGFP (Invitrogen, Carlsbad, CA), and 10 µg of the plasmids were transfected into human embryonic kidney (HEK) 293 cells (293-tsA; a kind gift of Dr. Richard Horn, Thomas Jefferson University Medical School, Philadelphia) by using the Lipofectamine 2000 (Invitrogen). After 24 to 36 h, the cells from the twelve 6-cm dishes were solubilized in 10 ml solubilization buffer (20 mM HEPES, pH 7.4, 200 mM NaCl, 10% glycerol, and 1.5% Triton-X) supplemented with a protease inhibitor cocktail (Calbiochem, La Jolla, CA). After the addition of 5 mM imidazole, the soluble fraction was subjected to a Talon metal affinity column (BD Biosciences, San Jose, CA) as described above. Purified GluR1 proteins (100 ng) were overlaid on a linear 20-80% (v/v) glycerol density gradient in PBS containing 0.1% Triton-X and centrifuged for 16 h at 38,000 rpm (SW41Ti). Fractions of 0.5 ml were collected and analyzed by immunoblot analysis using an anti penta-His antibody (Qiagen, Alameda, CA).
Immunohistochemical Analysis-The cDNA encoding an HA tag was added to the 5' end of the wild-type and mutant GluR1 cDNAs; these sequences were added to the 3' end of the signal sequence to create NT-HA-GluR1. The cDNAs encoding wild-type or mutant NT-HA-GluR1 were cloned into a pTracer-EGFP (Invitrogen) and transfected into HEK 293 cells. Immunocytochemical analysis was carried out as previously described (22) .
Cross-linking
Experiments-The cDNA encoding a thrombin cleavage site was added to the 3' end of the LIVBP domain of NT-HA-GluR1 wt to create NT-HA-GluR1 thro . NT-HA-GluR1 wt or NT-HA-GluR1 thro was expressed in HEK 293 cells as described above. Cells were washed with PBS twice and incubated with various concentrations (0-2 mM) of covalent cross-linker BS 3 (Pierce, Rockford, IL). After quenching the reaction by adding 20 mM Tris-HCl (pH 7.5), GluR1 proteins were immunoprecipitated as described previously (21), and 5 units of thrombin (Sigma) were added to the precipitated fraction. After 12 h of incubation, thrombin was removed by p-aminobenzamidine agarose (Sigma, St. Louis, MO) and the supernatant was subjected to an immunoblot analysis using anti-HA antibody (Covance, Richmond, CA).
Electrophysiology Studies-We used the calcium phosphate precipitation method to transfect each dish of HEK 293 cells with 4 µg plasmid (dish diameter, 35 mm; Corning). Twenty-four to 48 h after transfection, cells were transferred to a new dish coated with poly-L-lysine and incubated for at least 2 h before recordings were made. Cells or outside-out patch membranes were voltage-clamped at -40 mV by using Axopatch 200B (Axon Instruments, Foster City, CA). The piezo device-based method was used to apply drugs as described previously (23) . Where appropriate, results are shown as the mean ± standard error of the mean (SEM).
RESULTS

Substitution of The LIVBP Domain of GluR1
with Artificial Peptides-The LIVBP domain of iGluRs has sequence similarity with the corresponding region of metabotropic glutamate receptor 1 (mGluR1), which forms a twofold symmetric dimer (24) . To confirm that the LIVBP domain of iGluRs also forms a dimer, we expressed the LIVBP domain of the GluR1 subunit by using an in vitro translation system in the presence of [ 35 S]methionine and analyzed the product by sucrose density gradient centrifugation. The major peak migrated to a position representing approximately 80 kDa, which is approximately twice the size of the monomeric LIVBP domain (Fig. 1B) . Therefore, the isolated LIVBP domain of GluR1 dimerized in solution just like those of the GluR4 subunit (10) and mGluR1 (25) .
To examine the function of the LIVBP domain of GluR1, we constructed vectors that express wild-type GluR1 (GluR1 wt ) and mutant GluR1 lacking the LIVBP domain (GluR1 ∆LIV ). Then, we introduced artificial oligomerization peptides GCN4-LI, GCN4-II, and GCN4-IL into GluR1
∆LIV to produce tetramers (GluR1 tet ), trimers (GluR1 tri ), and dimers (GluR1 di ) (Fig.  1C) . The leucine zipper-based GCN4-LI peptide forms extremely stable, parallel helices (T m > 100°C) arranged in a tetrameric conformation (26) . By changing only a few amino acids, the mutants GCN4-II and GCN4-IL forms very stable trimers and dimmers, respectively ( Fig. 1D) (26) . In addition, we created pentamers (GluR1 pent ) by introducing the stable pentamer-forming coiled-coil peptides, which are based on a cartilage oligomeric matrix protein (COMP) (27) .
Immunoblot analyses confirmed the normal expression of all mutant GluR1 subunits in HEK 293 cells ( Fig. 2A) . To determine whether mutant GluR1 subunits were expressed on the cell surface, we conducted immunofluorescence analysis of cells expressing receptors whose N termini were attached to an HA tag. Cells were stained by an anti-HA antibody under nonpermeabilizing conditions and subsequently by an anti-C-terminal GluR1 antibody under permeabilizing conditions. Fluorescence intensity of the HA staining, which corresponded to the surface receptors, was normalized by that of the GluR1 staining. We found that expression of GluR1
tri or GluR1 pent on the cell surface was at the same level as that of GluR1 wt (Fig. 2B ). These results indicate that the deletion of whole LIVBP domain or replacement of the domain with artificial peptides had no effect on protein expression levels and cell-surface transport of GluR1 subunits. Similar results are reported for GluR4 that completely lacked the LIVBP domain (28) . In contrast, partial deletions within the LIVBP domain inhibited surface transport of GluR1 (29) and GluR4 (28) . Therefore, we propose that the LIVBP domain of iGluRs is not necessary for their cell-surface expression; however, when the part of the domain is lost, the mutant iGluRs could be easily detected by quality control mechanisms in the endoplasmic reticulum.
Specific Restoration of Channel Function by a
Tetramer-forming Peptide-To test the function of GluR1 mutants, we performed whole-cell patch-clamp assays in HEK 293 cells by using the piezo device-based method of fast drug application (23) . Although rapid application of glutamate (3 mM) to lifted cells expressing GluR1 wt induced large, rapidly desensitizing currents, the application induced approximately 5-fold smaller currents in cells expressing GluR1 ∆LIV (Fig. 3A, B) . Of the artificial oligomerizing peptides introduced into GluR1
∆LIV
, only the tetramer-forming peptide restored the channel function of GluR1 wt (Fig.  3A, B) . This finding suggests that, although all mutant GluR1s were transported to the cell surface, only the tetramer-forming peptide could effectively initiate the formation of functional channels.
The reduction of glutamate-activated current amplitude in cells expressing various GluR1 mutants could be caused by changes in current kinetics; slowing of channel activation, or accelerated desensitization (30) . However, analyses of current kinetics in whole-cell recordings did not reveal any significant changes in these parameters (Fig. 3C) . Because of small current amplitudes associated with mutant GluR1 channels, we studied the current kinetics of only GluR1 tet in more detail in outside-out patch configuration (described below).
The distance between each subunit immediately after the LIVBP domain could have been different when the LIVBP domain was substituted with oligomerization peptides (Fig. 1D ). Thus, it was possible that the reason why the tetramer-forming peptide restored the GluR1 channel function may not be directly related to its specific conformation (i.e., tetramer), but the intersubunit distance between the post-LIVBP domain regions. To test this hypothesis, we introduced a flexible linker (GSGGGSGGS, in a one-letter amino acid code) (31) near the C-terminal end of the dimer-forming peptide (GluR1 di-link ). Although glutamate-induced current was partially restored by the addition of the linker (Fig. 3B) , it never reached the amplitude of GluR1 tet or GluR1 wt . We obtained similar results when a flexible linker was introduced near the C-terminal end of the trimeror pentamer-forming peptide (GluR1 tri-link and GluR1 pent-link ; Fig. 1D ). Furthermore, a longer flexible linker (GSGGGSGGSGSGGGSGGS) inserted near the C-terminal end of the dimer-forming peptide (GluR1 di-link x2 ) was no better than the shorter version in restoring channel function (Fig. 3B) . These results suggest that the inability of these oligomerization peptides to restore the channel function of GluR1 cannot be explained by the constraints introduced by these peptides.
Control of Assembly Status by Artificial
Oligomerization Peptides-To confirm that oligomerization peptides in the LIVBP domain control the assembly of GluR1, we examined the intermolecular interactions between each mutant subunit. Each mutant was individually tagged with HA or FLAG, and both were coexpressed in HEK 293 cells. (Fig. 4A, B) . This result was consistent with findings from the electrophysiological assay (Fig. 3) and supports the theory that the LIVBP domain plays a crucial role in the assembly of AMPA receptors (6, 10, 32) . The dimer-, trimer-, tetramer-, and pentamer-forming peptides rescued the reduced intermolecular interaction observed with GluR1 ∆LIV (Fig. 4A, B) , although the channel function was rescued by only the tetramer-forming peptide. When Flag-tagged GluR1 proteins were expressed alone, anti-HA antibody did not precipitate any GluR1 proteins (Fig. 4A, lower panel) . This result confirms the specificity of the antibody and excludes the possibility of the precipitation of aggregated mutant receptors. It should be noted that residual intermolecular interactions among GluR1 ∆LIV were observed (Fig. 4A, B) . To determine the level of nonspecific interaction in our coimmunoprecipitation assay, we examined the interaction between GluR1 and GluR6, which do not form functional heteromeric channels (6, 33) . The quantitative analysis indicated that the interaction between GluR1 ∆LIV is significantly higher than that between GluR1 and GluR6 (P<0.05; Fig. 4B ) (Fig. 3) . Therefore, although the LIVBP domain plays an important role, other regions of iGluRs also contribute to subunit assembly.
To examine whether the artificial peptides control subunit assembly in a specific stoichiometry, the native molecular weight of GluR1 di and GluR1 tet was determined by glycerol-density centrifugation (Fig. 4C) . A peak of GluR1 di was observed between marker proteins albumin (66 kDa) and aldolase (160 kDa), whereas the peak of GluR1 tet migrated to the position of catalase (230 kDa). Because the monomeric molecular weight is approximately 60 kDa for both GluR1 di and GluR1 tet , we suggest that GluR1 di predominantly exited as a dimer and GluR1 tet as a tetramer under this condition. Therefore, oligomerization peptides in the LIVBP domain can control the GluR1 subunit assembly in a specific stoichiometry.
Dominant Effect of Tetramer-Forming Peptides on Channel
Assembly-To assess whether the tetramer-forming peptide at the amino-terminal domain of GluR1 can control the stoichiometry at the channel domain, we examined whether TM2 of GluR2 could participate in the channel formed by GluR1 tet . When the channel domain contains one GluR2 subunit, which has an arginine (R) residue in the TM2, the channel shows a linear current-voltage (I-V) curve caused by the dominant effect of the arginine residue (34) . Indeed, when GluR2 was coexpressed with GluR1 wt (ratio of coexpression, 1:3), cells displayed a linear I-V relationship (Fig. 5A) . However, cells cotransfected with GluR2 and GluR1 tet at the same ratio displayed a rectifying I-V curve, which is typical of GluR1 homomeric channels (34) . The rectification index, i.e., the ratio of current amplitudes at +40 mV and those at -60 mV, clearly indicated that GluR2 was not incorporated into the channel formed by GluR1 tet (Fig. 5B) (Fig. 5C) . A similar weak intermolecular interaction was observed when GluR6 was coimmunoprecipitated with GluR1 ( Fig. 5D) . These results are consistent with our electrophysiological findings (Fig. 3) and indicate that the tetramer-forming peptide introduced at the amino-terminal domain dominantly controls the stoichiometry and subunit assembly at the GluR1 channel domain.
Channel Properties of GluR1
tet -Although the tetramer-forming peptide restored the glutamate-induced current in GluR1 ∆LIV , whether the peptide could function in place of the LIVBP domain remained unclear. Indeed, although shaker K + channels whose T1 domain was replaced by the tetramer-forming peptide (Kv1.2 tet ) had a normal current amplitude, the channels were activated at more negative membrane potentials (31) . Thus, we examined the dose-response relationship of GluR1 tet channels, which corresponded to the membrane potential-response relationship of shaker K + channels. GluR1 tet channels had a dose-response relationship almost identical to that of GluR1 wt (Fig. 6A) , a result that indicates that, unlike the T1 domain of Kv1.2 tet channels, the LIVBP domain is not involved in channel activation gate.
To further assess the function of the LIVBP domain, we studied the kinetic properties of glutamate-induced currents. For this purpose, glutamate (3 mM) was rapidly applied by the piezo device-based method (23) to outside-out membrane patches expressing GluR1 wt or GluR1 tet . Although currents through both channels were rapidly desensitized during prolonged application of glutamate, close examination revealed that the desensitization kinetics for patches expressing GluR1 tet were significantly slower than those for patches expressing GluR1 wt (P<0.01; Fig. 6B ). When a nine-residue glycine-serine linker was connected after the tetramer-forming peptide (GluR1 tet-link ), GluR1 tet-link displayed similarly slower desensitization kinetics than GluR1 wt did (Fig. 6C) . Because the slowing of desensitization was also reported for GluR4 that lacks the LIVBP domain (28) , the LIVBP domain may play a minor role in desensitization kinetics of iGluRs.
Covalent Cross-linking Assays on the LIVBP Domain-To obtain clues to the conformation and stoichiometry of the LIVBP domain in functional GluR1, we performed cross-linking assays using a cell-impermeable linker (BS 3 : spacer arm length is 11.4 Å). To identify cross-linked LIVBP domains, the cDNA encoding an HA tag was added to the 5' end of the LIVBP domain to create NT-HA-GluR1 wt , and the cDNA encoding a thrombin cleavage site was further added to the 3' end of the LIVBP domain to create NT-HA-GluR1 thro (Fig.  7A) (Fig. 7C) . Similarly, the 180-kDa protein was not observed when cells expressing NT-HT-GluR1 wt were treated with BS 3 and thrombin (Fig. 7B, right panel) . These results indicate that a protein of 180 kDa corresponds to the cross-linked tetrameric LIVBP domain and suggest that this domain was located within a distance of 11.4 Å in intact GluR1.
DISCUSSION
Results of recent functional analysis have suggested that AMPA receptors are composed of a dimer of dimers (7, 35) . Moreover, it has been proposed that the LIVBP domain forms the first dimer (12) and that these dimers undergo a secondary dimerization (7, 11) . Indeed, a purified LIVBP domain of GluR1 formed a dimer in sedimentation analysis (Fig.  1B) .
In addition, reduction of glutamate-induced currents (Fig. 3) and intersubunit interaction (Fig. 4A, B) in GluR1
∆LIV supports the theory that the LIVBP domain plays a crucial role in the assembly of AMPA receptors (6, 10, 32) . However, if the LIVBP domain's function was simply to form a dimer, then the dimer-forming peptide should have restored the function of GluR1. In contrast to a tetramer-forming peptide, a dimer-forming peptide could not restore the function of GluR1 (Fig. 3) . These results suggest that the function of the LIVBP domain of GluR1 is not simply to form initial dimers, but to adopt a conformation that is compatible with the overall tetrameric arrangement of subunits. Because our approach is based on the analysis of mutant GluR1, in which the LIVBP domain was replaced with various artificial peptides, we cannot completely rule out the possibility that the apparent specific recovery by the tetramer-forming peptide may not reflect the original function of the LIVBP domain. For example, constraints introduced by the dimer-forming peptide may prevent further assembly of the GluR1 subunits, thereby inhibiting GluR1's function. To reduce these possible constraints, we added a nine-or eighteen-residue glycine-serine linker near the C-terminal end of the dimer-forming peptide. Although similar flexible linkers have been successfully used to remove conformational constraints posed by oligomer-forming peptides in earlier studies (31) , these linkers failed to restore the function of GluR1 in the present study (Fig. 3B) . Thus, it seems unlikely that the inability of the dimer-forming peptide to restore the channel function of GluR1 was caused by conformational constraints.
On the basis of biochemical and functional studies, the stoichiometry of cyclic nucleotide-gated (CNG) channels was originally thought to be a dimer of dimers consisting of two A subunits and two B subunits (36, 37) . However, by replacing the CLZ domain of the A subunit with a trimer-forming peptide GCN-II, it was recently shown that CNG channels adopt a 3A:1B stoichiometry and that the function of the CLZ domain is to form a trimer (38) . Similarly, by replacing the T1 domain of shaker K + channels with a tetramer-forming peptide GCN-LI, the role of the T1 domain during channel assembly was characterized (39) . Therefore, we believe that the function of the LIVBP domain of GluR1 can be estimated by an approach based on replacement with oligomer-forming peptides.
Another role of the LIVBP domain involves the retention of incompletely assembled oligomers in the endoplasmic reticulum (ER). We previously showed that small partial deletions (11-12 amino acids) within various regions of the LIVBP domain resulted in the retention of the mutated δ2 glutamate receptors (GluRδ2) in the ER (21) . In addition, the spontaneous mouse mutation hotfoot is often caused by the in-frame deletion of the region encoding the LIVBP domain of GluRδ2, leading to the loss of GluRδ2 from the cell surface (22) . Similarly, partial deletions within the LIVBP domain inhibited surface transport of GluR1 (29) and GluR4 (28) . On the other hand, when whole LIVBP domain was deleted, GluR1
∆LIV was expressed normally on the cell surface (Fig. 2D) . Similar results are reported for GluR4 that completely lacked the LIVBP domain (28) . Therefore, we propose that the LIVBP domain of iGluRs is not necessary for their cell-surface expression; however, when the part of the domain is lost, the mutant iGluRs could be easily detected by quality control mechanisms in the ER. There has been a long-standing controversy regarding the stoichiometry of functional iGluRs. A key difficulty associated with biochemical assays (4, 5, 11, 13, 14) is the unequivocal identification of assembled high-molecular-weight oligomers; it is technically challenging to differentiate a tetramer (approximately 400 kDa) from a pentamer (500 kDa), because these high-molecular-weight protein complexes do not necessarily form a sharp peak in native polyacrylamide gel electrophoresis (40) . In addition, heterogeneity in the size of detergent micelles also gives rise to broader peaks in density-gradient centrifugation and gel filtration analyses (41) . In the present study, we have attempted to clarify this issue by using a new approach in which synthetic peptides form stable oligomers (26, 27) . This approach is based on the hypothesis that peptides introduced into GluR1
∆LIV specifically control the formation of the expected number of subunits in a channel complex. First, we confirmed that replacement of the LIVBP domain with artificial peptides had no effect on protein expression levels and cell-surface transport of GluR1 subunits (Fig. 2) . In addition, the specific recovery of the GluR1 channel function by GCN-LI, but not by similar peptides (with or without flexible linkers) whose assembly involved a different stoichiometry (Fig. 3) , suggests that the effect of the oligomerization peptides was related to the stoichiometry they adopt. Indeed, all oligomerization peptides were functional in the recovery of the intersubunit interaction in GluR1 ∆LIV (Fig. 4A, B) . Furthermore, the inability of the channel formed by GluR1 tet to incorporate GluR2 subunits (Fig. 5) clearly indicates that the stoichiometry at the channel is determined by the tetramer-forming peptide at the amino terminus. Finally, our sedimentation analysis indicated that GluR1 tet exists as a tetramer and GluR1 di as a dimer (Fig. 4C) . Therefore, it is highly likely that overall subunit numbers were controlled by each oligomerization peptide introduced at the LIVBP domain and that functional GluR1 AMPA receptors adopt a tetrameric stoichiometry.
The ligand-binding LAOBP domain and the outer pore domain of the iGluR channel have been suggested to have a twofold rotational symmetry (8, 42) . Therefore, a symmetry mismatch has been proposed to exist between the ligand-binding LAOBP domain and the channel pore domain, which is probably arranged in a fourfold symmetry similar to that of K + channels (9, 12) . However, our finding that the tetramer-forming peptide restored most functions of GluR1 suggests that the LIVBP domain of the intact AMPA receptor adopts a fourfold symmetry. If so, another symmetry mismatch exists between the LIVBP domain and the LAOBP domain. In contrast, recent single particle analysis has demonstrated that native heteromeric AMPA receptors had a twofold asymmetry at the LIVBP domain (43) .
Since we analyzed homomeric GluR1 AMPA receptors, heteromeric AMPA receptors may adopt a different symmetry at the LIVBP domain. Indeed, a density map of the homomeric GluR2 did not show clear twofold symmetry at the LIVBP level (41) . Furthermore, a cross-linking assay also indicated that the four LIVBP domains of homomeric GluR1 AMPA receptors were located in proximity to each other (Fig.  7) . According to the three-dimensional reconstruction model of native heteromeric AMPA receptors (43) , four LIVBP domains are unlikely to be positioned within a distance of 11.4 Å. Finally, a recent study on the mechanism underlying the specific assembly of AMPA receptor subunits has indicated that the LIVBP domains interact with each other using two separate regions to form specific heterotetrameric AMPA receptors (44) . This result also supports our hypothesis that the LIVBP domain of the intact AMPA receptor adopts a conformation compatible with the overall tetrameric arrangement of subunits. An alternative explanation for the apparent discrepancy in symmetry at the LIVBP domain is that this domain may transiently adopt a fourfold symmetry, which can not be detected by single particle analysis. To better understand how the conformational changes in the ligand-binding domain are transduced to the channel domain, further studies on the nature of iGluR symmetry are warranted. wt was arbitrarily established as 100% (n = 3 assays per clone). B, Immunocytochemical analysis of the expression of receptors on the cell surface. Each receptor was tagged with an HA sequence at the amino terminus and expressed in HEK 293 cells. Expression of these receptors on the cell surface was examined by using an anti-HA antibody under nonpermeabilizing conditions. After that the cells were permeabilized and stained by antibody to the C terminus of GluR1. The intensity of HA staining was quantified and normalized by GluR1 staining for each clone. GluR1 wt with an HA tag at the cytosolic carboxyl terminus (CT-GluR1) was used as a negative control. (Student t test; **, P <0.01; n = 10 cells from 3 independent experiments). 
